and polarized cells for pattern formation, in neurons for the formation and remodeling of 23 synapses, at the mitotic spindle, mitochondria, chloroplasts, and bacteria for biogenesis (2-24 4). Therefore, localized translation is a general mechanism for establishing the correct 25 protein compositions of subcellular compartments. 26
Here we explore localized translation in the biogenesis of the photosynthetic 27 thylakoid membranes in chloroplasts. Thylakoid membranes form a network of vesicles and 28 contain the complexes of the photosynthetic electron transport system. Their biogenesis 29 involves two distinct translation systems (5). Subunits encoded by the nuclear genome are 30 synthesized in the cytoplasm by 80S ribosomes, imported across the chloroplast envelope, 31 and targeted to thylakoids. Within the chloroplast, other subunits are encoded by the plastid 32 genome and synthesized by 70S bacterial-like ribosomes. Precisely where thylakoid proteins 33 are synthesized within the cytoplasm and chloroplast is under debate (3). 34
As chloroplasts enlarge and divide, e.g. in the young green tissue of vascular plants 35
and growing populations of algae, they require protein synthesis to make new 36 photosynthesis complexes. It is widely believed that nascent polypeptides are 37 cotranslationally inserted into stroma-exposed thylakoid membranes because ribosomes are 38 Schottkowski et al.
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2012-09860 4 bound to thylakoid membranes (5). However, chloroplast ribosomes also translate the psbA 39 mRNA to repair photochemically damaged photosystem II (PS II) making it difficult to identify 40 ribosomes involved de novo biogenesis of the complex. 41
An alternative model proposes that a specific "translation zone" (T-zone) in the 42 chloroplast of the green alga Chlamydomonas reinhardtii is a privileged site of protein 43 synthesis for the de novo biogenesis of PSII and possibly other complexes (6, 7). This T-zone 44 was defined by the colocalization of markers of the chloroplast ribosome, chloroplast mRNAs 45 encoding PSII subunits, and the PSII translation factor RBP40 * , as seen by confocal 46 microscopy (6). The T-zone is located in the outer perimeter of the pyrenoid, a spherical 47 body in algal chloroplasts and only relevant here as a cytological landmark. The T-zone was 48 defined only by the results of fluorescence microscopy and, therefore, its ultrastructure and 49 biochemical nature are unknown. 50
We postulated that the T-zone contains a novel "chloroplast translation membrane" 51 (CTM) as a privileged site for the synthesis of PSII subunits encoded by the chloroplast 52 genome because chloroplasts ribosomes synthesizing PSII subunits are bound to membrane, 53 but the chloroplast envelope and most thylakoid membranes are outside the T-zone (6, 8) . 54
This prediction provided an avenue to test the T-zone model at the biochemical level. 55
Here a subcellular fractionation scheme was developed to reveal a CTM. This scheme 56 resolves chloroplast membranes with the high density of rough endoplasmic reticulum 57 membrane (9) because we predicted that a CTM would also have a high-density membrane 58 due to its having bound ribosomes. We focused on the location of PSII subunit synthesis 59 because the evidence for the T-zone was established for chloroplast mRNAs encoding PSII 60 subunits (6). We also identified novel domains of chloroplast envelope which are enriched in 61 7 membranes associated with the assembly of chloroplast-encoded subunits, fractions were 109 immuno-probed with an antiserum against a PSII assembly factor in Synechocystis sp. PCC 110 6803, YCF48, the homologue of HCF136 of Arabidopsis thaliana (Fig. 1 A) 
(15). This 111
antiserum detected a protein of the expected molecular mass (Fig. S1 ). This putative 112 YCF48\HCF136 was detected in a broad membrane density range (Fig. 1A, lanes 7-13) but 113 not in the non-membrane material (lanes S and 14). Notably, Fraction 7 contained 114 YCF48/HCF136 but had little thylakoid membrane and no detectable CTM (lane 7, Fig. 1A) . 115
This result suggests that this fraction contains yet another novel biogenic membrane, one 116 involved in PSII assembly. Although these results are preliminary, they are consistent with 117 the general theme here; that the C. reinhardtii chloroplast may have diverse biogenic 118
membranes. 119
CTM should be physically bound by chloroplast ribosomes. Alternatively, a ribosome-120 associated membrane could be generated artifactually during cell breakage if free 121 chloroplast ribosome subunits and RBP40 in the chloroplast stroma become trapped within 122 vesicles that form by fragmenting membranes. Detracting from this possibility, however, a 123 marker protein for the chloroplast stroma, HSP70B, was not in CTM fractions, while trace 124 amounts were detected in the thylakoid fractions in lanes 10-12 and 7-9, respectively of extracted by each of the agents, either partially or completely (Fig. 2) . Therefore, these 134 translation components are peripherally bound to CTM. The 30S subunit r-protein was only 135 extracted by high ionic strength (2.0 M NaCl) and only partially. While this result alone is 136 consistent with either of the two possibilities outlined above, the 30S ribosome subunit is 137 probably bound to CTM because it seems improbable that it would be trapped in vesicles 138 while most 50S subunits and RBP40 are not. Therefore, the 30S subunit is probably bound to 139 CTM with particularly high affinity. 140
Blue-Native (BN) PAGE and immunoblot analyses reveal markers of PSII biogenesis. 141
Newly synthesized PSII subunits assemble in specific combinations to form 142 precomplexes, which then associate to form the monomeric PSII complex RCC1 (14). We 143 reasoned that unassembled subunits could serve as a marker for a CTM, and precomplexes 144 for specific steps in PSII assembly. Therefore, membrane fractions were compared for the 145 assembly states of the chloroplast-encoded PSII subunits D1 and D2 using BN PAGE and 146 immunoblot analysis (16). Analyses of equal amounts of membrane ensured comparable 147 solubilisation conditions, which can affect quaternary structure artifactually (17). Because 148 this necessitated over-representation of CTM on a per cell basis, the amounts of sample 149 were normalized to the level of the monomeric PSII complex, RCC1. In other words, we 150 asked whether CTM are qualitatively different from thylakoid membranes in ways that 151 support their having a role in PSII subunit synthesis and assembly. The results revealed RCC1 152 at constant levels across the lanes, confirming proper normalization (Fig. 3A) . The higher 153 mobility complex is RC47, the PSII monomer lacking CP43 which is generated primarily 154 during PSII repair (18). Notably, the dimeric PSII, RCC2, was detected in the thylakoid 155 membrane fractions but not in CTM fractions (Fig. 3A , compare lane 1-2 with 4-6). This resultsuggests that thylakoid membranes are the primary location of RCC1 dimerization to form 157
RCC2, a late step in PSII biogenesis (14). 158
With 1D BN PAGE we were unable to detect free subunits and subcomplexes for use 159 as CTM markers, possibly due to ill effects of the detergent on detection below 100 kDa (17). 160
Therefore, BN gel lanes with either thylakoid membranes or CTM were subjected to a 161 second dimension of denaturing SDS-PAGE and analysed by immunoblotting. We normalized 162 based on the relative levels of RCC1 in these samples determined by 1D BN PAGE (Fig. 3A) . 163 (RCC2 was not detected for unknown reasons on the 2D gel immunoblot analyses.) 164
The results revealed that D1 in RCC1 and RC47, as well as in an early assembly 165 intermediate subcomplex, the PSII reaction center, and as free unassembled subunit. All 166 were detected in both thylakoid and CTM samples (Fig 3. B & C) . Unassembled D1 could not 167 serve as a marker for CTM because it is associated with both the repair and de novo 168 biogenesis of PSII. Nevertheless, this result revealed that the assembly step in which the 169 reaction center forms RCC1 does not occur preferentially in CTM over thylakoid membranes. 170 Also, the finding that unassembled D1 can be detected on both immunoblots, serves as a 171 positive control for the subsequent experiments. 172
These blots were immunoprobed for D2, a PSII subunit whose synthesis is not 173 induced for PSII repair. Therefore unassembled D2 can serve as a marker for PSII biogenesis. 174 D2 was detected in RCC1, RC47, and the RC in both thylakoids and CTM ( Fig. 3D and E) . Most 175 notably, however, unassembled D2 was detected only in the CTM sample (Fig. 3E) . These 176 results suggest that CTM is a privileged location of the synthesis of the plastid genome-177 encoded subunits for de novo assembly of PSII.
Markers of PSI assembly cofractionate with thylakoid membranes 179
To determine whether CTM has a role in PSI biogenesis, we immuno-probed the 2D 180 blots for PsaAp (Fig. 3 F and G) . Although PsaAp was not detected unassembled, it was 181 detected in the PSI monomeric complex, the PSI monomeric complex lacking PsaK and PsaG, 182 and a larger unidentified complex of c.a. 550 kDa, possibly the PSI dimer (19). Notably, the 183 PSI monomer lacking PsaK/G was more abundant in the thylakoid membrane fraction than in 184 the CTM fraction (Fig. 3 F and G) . This result, and previously reported evidence that this 185 complex is a late intermediate in PSI assembly (19), suggest that later steps in PSI assembly 186 occur primarily in thylakoid membranes. Earlier steps in PSI assembly may also occur in 187 thylakoids because we detected an early PSI assembly factor, YCF4, only in thylakoid 188 membrane fractions (Fig. 1C , compare fractions 7-9 and fractions 10-12) (20). Finally, the 189 mRNA encoding PsaAp was not recruited to the T-zone under the same conditions that 190 recruited two PSII subunit mRNAs (6). Together these results suggest that PSI subunit 191 synthesis and assembly occur at thylakoids, and not CTM. 192
Envelope membranes with the TOC-TIC translocons have higher-than-expected density. 193
The gradient fractions were also tested for the envelope markers, Toc75 and Tic110; 194 subunits of the TOC and TIC protein import complexes. Instead of finding these proteins in 195 the density range of the envelope membranes ( Fig. 1 A-C , fractions 4-6) (11), they were 196 detected with thylakoid fractions and, in certain preparations, also with denser CTM (Fig. 1B localized around lobes specifically where they adjoined the basal region (Fig. 4 B and D) . We 209 named these sites "lobe junctions" (Fig. 4A) . In some cases, the lobe at such a lobe junction 210 could be seen to form a hole in the cloud of IF signal, indicating that the envelope 211 surrounding it was enriched in the TOC-TIC protein import machinery (Fig. 4B) . Examples of 212 the cells that did not show this localization pattern are shown in Fig. 4 
C & E. Of the cells 213
examined from moderate light growth condition (ML cells), 48% showed the Toc75 IF signal 214 localized around one or two lobe junctions (Fig. 4B, n=188) . Similarly, of the ML cells IF-215 stained for Tic110, 47% showed this pattern (Fig. 4D, n = 199 ). This pattern is interesting for 216 three reasons. First, it is specific to import machinery because it was not observed for many 217 other chloroplast proteins whose localization we have examined with this method (6, 7, 21). 218
Second, this localization pattern may be physiologically relevant because the percentage of 219 cells showing it dropped during incubation in the dark for 2 h, a condition associated with 220 reduced rates of PSII biogenesis and chloroplast protein import in C. reinhardtii (6, 22) . 221
When ML cells were dark-adapted (DA) immediately prior to fixation; the percentages 222 showing localization around lobe junctions dropped from 48 to 11% for Toc75 (n= 74) and 223 from 47 to 15% for Tic110 (n= 52). Finally, Toc75 or Tic110 localization at lobe junction was 224 probably present but undetected in many cells. C. reinhardtii cells are polarized and must beoriented longitudinally in the microscopy field in order to reveal cytological landmarks 226 necessary to locate lobe junctions, e.g. the cytosol and pyrenoid (Fig. 4A) . Moreover, there 227 no protein marker exists for which co-IF-staining can reveal lobe junctions in a particular cell. 228
These results suggest that lobe junctions have special envelope domains enriched in 229 the TOC-TIC protein import machinery. In light of these results, the unexpectedly high and 230 variable density of envelope membranes with Toc75 and Tic110 could be explained if these 231 import envelope domains have higher density than previously described envelope 232 membranes and had formed to different degrees in the various cultures used for subcellular 233 fractionation. 234
DISCUSSION
Our results provide biochemical evidence of a CTM as a privileged location of the synthesis 235 of plastid genome-encoded PSII subunits and localized in the T-zone (6, 7). We also report 236 biochemical and in situ evidence of a second novel chloroplast membrane compartment; 237 domains of chloroplast envelope which are localized around lobe junctions. The possibility of 238 a third novel chloroplast membrane, one privileged for PSII assembly, is suggested by the 239 enrichment of YCF48/HCF136 in a sucrose gradient fraction with membranes that were 240 neither of thylakoid membranes nor CTM (Fig. 1A) . A previously described "low-density" 241 membrane (LDM) of the C. reinhardtii chloroplast was suggested to have a role in the 242 translation of chloroplast mRNAs encoding thylakoid proteins because it is physically 243 associated with RNA-binding proteins and thylakoids (23, 24). LDM is distinct from CTM; it is 244 less dense and not associated with chloroplast translation machinery. 245
Any model unifying these results must explain how the PSII-LHCII supercomplex is 246 assembled from subunits that are localized to distinct chloroplast compartments, i.e., 247 chloroplast-encoded subunits in the T-zone and nucleus-encoded subunits in lobe junctions. Also it must be explained how the newly assembled PSII-LHCII supercomplex is localized to 249 thylakoid membranes throughout the chloroplast. Finally, such a model should consider that 250 PSII biogenesis begins with the assembly of the chloroplast-encoded subunits to form RCC1, 251 followed by RCC1 dimerization, the incorporation of nucleus-encoded PSII subunits, and the 252 association of the OEC and LHCII (14) . 253
In our working model, the T-zone and lobe junctions are early and intermediate 254 compartments in a spatiotemporal pathway of PSII-LHCII supercomplex biogenesis (Figs. 4A  255 and 5). In the T-zone, CTM is a platform for the synthesis of the plastid genome-encoded 256 subunits. Chloroplast ribosome subunits and PSII subunit mRNAs are recruited to 257 membranes in the T-zone by translation independent mechanisms e.g. tethering by 258 membrane bound RNA-binding proteins of LDM (7). The particularly high affinity with which 259 the 30S subunit is bound to CTM (Fig. 2) may be related to its early role in the assembly of a 260 translation-component ribosome and, consequently, a requirement to maintain its 261 association while binding the mRNA, large subunit, and initiation factors (5). Newly 262 assembled PSII precomplexes move by lateral diffusion within CTM to the lobe junctions and 263 assemble to form RCC1 (Fig. 5) . The membrane(s) involved could be CTM, thylakoid 264 membranes, or an unknown assembly membrane (above). RCC1 dimerizes and is built upon 265 by nucleus-encoded subunits, which are imported locally by TOC-TIC import machinery of 266 the envelope around lobe junctions. These include the subunits of the oxygen evolving 267 complex (OEC) and LHCII which are peripherally associated with PSII in the PSII-LHCII 268 supercomplex. Thus, in this model, lobe junctions are convergence points for the pathways 269 that supply polypeptides subunits encoded by the chloroplast and nuclear genomes. protein import which has been observed in C. reinhardtii and vascular plants (22, 28) . 286
Moreover, the Rubisco holoenzyme might be assembled in the pathways described here 287 because its small subunit is imported via the TOC and TIC pathway and the chloroplast mRNA 288 encoding the large subunit localizes in situ in the T-zone and is translated in association with 289 membrane (7, 29, 30). Our findings build upon growing evidence of complex cytological 290 organizations of biogenic processes in organelles and bacteria. 291 Each panel shows the results from an independent trial of our subcellular fractionation 457 scheme. Fractions were assayed with immunoblots for the following marker proteins: 458 appressed (granal) thylakoid membranes (D2), stroma-exposed thylakoid membranes 459 (PsaAp), CTM and the T-zone (RBP40, r-proteins of the 30S and 50S chloroplast ribosomal 460 subunits), the TOC-TIC protein translocons of the outer and inner chloroplast envelope 461 membranes (Toc75 and Tic110, respectively), chloroplast stroma (HSP70B), PSII assembly 462
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